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(57) ABSTRACT

A gas turbine engine has a compressor section with rotational
compressor components rotatable with respect to static com-
pressor components. A compressed air bleed arrangement is
provided to cool one or more other rotational components of
the gas turbine engine. The compressed air bleed arrangement
takes a flow of compressed air from the compressor section
along an off-take passage. The off-take passage opens in the
compressor section at an off-take port. The off-take passage is
rotatable, in use, with the rotational compressor components.
The compressed air bleed arrangement is operable to provide
the air in the off-take passage with higher static pressure than
the air in the compressor section at the off-take port, by
diffusing the air in the off-take passage. The off-take passage
further includes off-take vanes, operable to increase the tan-
gential velocity of the air in the off-take passage compared
with the air at the oft-take port.

12 Claims, 5 Drawing Sheets
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1
GAS TURBINE ENGINE HAVINGA
ROTATABLE OFF-TAKE PASSAGE IN A
COMPRESSOR SECTION

FIELD OF THE INVENTION

The present invention relates to a gas turbine engine and a
method of operating a gas turbine engine. It relates particu-
larly, but not exclusively, to arrangements for bleeding com-
pressed air from a compressor section of the gas turbine
engine.

BACKGROUND OF THE INVENTION

With reference to FIG. 1, a ducted fan gas turbine engine
generally indicated at 10 has a principal and rotational axis
X-X. The engine comprises, in axial flow series, an air intake
11, a propulsive fan 12, an intermediate pressure compressor
13, a high-pressure compressor 14, combustion equipment
15, a high-pressure turbine 16, and intermediate pressure
turbine 17, a low-pressure turbine 18 and a core engine
exhaust nozzle 19. A nacelle 21 generally surrounds the
engine 10 and defines the intake 11, a bypass duct 22 and a
bypass exhaust nozzle 23.

The gas turbine engine 10 works in a conventional manner
so that air entering the intake 11 is accelerated by the fan 12
to produce two air flows: a first air flow A into the interme-
diate pressure compressor 14 and a second air flow B which
passes through the bypass duct 22 to provide propulsive
thrust. The intermediate pressure compressor 13 compresses
the air flow A directed into it before delivering that air to the
high pressure compressor 14 where further compression
takes place.

The compressed air exhausted from the high-pressure
compressor 14 is directed into the combustion equipment 15
where it is mixed with fuel and the mixture combusted. The
resultant hot combustion products then expand through, and
thereby drive the high, intermediate and low-pressure tur-
bines 16,17, 18 before being exhausted through the nozzle 19
to provide additional propulsive thrust. The high, intermedi-
ate and low-pressure turbines respectively drive the high and
intermediate pressure compressors 14, 13 and the fan 12 by
suitable interconnecting shafts.

It is known for gas turbine engines to use air bled from a
compressor to cool and seal hot parts of the engine, typically
in the turbine. The air may be bled from either the outer or
inner annulus line of the compressor, at the upstream or
downstream face of any stage of rotor blades.

The air is bled from the compressor through off-take ports.
Various different off-take port designs are known, such as
ramped off-takes and diffusing slots. For example, FIG. 2
shows a typical oft-take port 50 formed in the outer annular
wall 52 of acompressor stage, located between a stator 54 and
rotor 56 of the compressor stage. In this example, the off-take
port 50 has a ramped form, intended to reduce the pressure
loss across the oft-take and thus improve the efficiency of the
cooling air system. Another example of a known system is
shown in EP-A-1136679. A still further example of a known
system is shown in GB-A-1310401.

GB-A-2420155 discloses a gas turbine engine with a
multi-stage compressor. A number of equi-angularly spaced
off-take ports are formed through the inner annular wall of the
compressor, at an axial location between the penultimate and
final stages of the compressor. Therefore the off-take ports
rotate with the rotor blades of the compressor. The off-take
ports lead into off-take passages that are formed perpendicu-
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2

lar to the gas path air flow in the compressor. The off-take
feeds a downstream cooling system.

SUMMARY OF THE INVENTION

Known off-take ports are designed to deliver air bled from
the compressor at the highest possible static pressure. For
example, in the case of ideal (isentropic) oft-take, the static
pressure down stream of the off-take would be equal to the
absolute total pressure up stream of the off-take and there
would be no change in the absolute total temperature. This
ideal off-take would provide the coolest possible air from a
compressor at a required pressure for non-rotating engine
components.

However, it necessary in many types of gas turbine to cool
rotating components such as turbine blades, turbine discs, etc.
Furthermore, it is considered by the inventors that known gas
turbine engines could be cooled more efficiently by making
more efficient use of the dynamic head of the flowing air.
Accordingly, the present invention aims to address the prob-
lem of providing more efficient cooling of components in a
gas turbine.

Accordingly, in a first preferred aspect, the present inven-
tion provides a gas turbine engine having a compressor sec-
tion with rotational compressor components rotatable with
respect to static compressor components, wherein a com-
pressed air bleed arrangement is provided to cool one or more
other components of the gas turbine engine, the compressed
air bleed arrangement taking a flow of compressed air from
the compressor section along an off-take passage, the off-take
passage opening in the compressor section at an off-take port,
wherein the off-take passage is rotatable, in use, with the
rotational compressor components, the compressed air bleed
arrangement being operable to provide the air in the off-take
passage with higher static pressure than the air in the com-
pressor section at the off-take port.

Inasecond preferred aspect, the present invention provides
a method of operating a gas turbine engine, the gas turbine
engine having a compressor section, the method including the
steps of operating the gas turbine engine to rotate rotational
compressor components with respect to static compressor
components, and cooling one or more other components of
the gas turbine engine with a compressed air bleed arrange-
ment, the compressed air bleed arrangement taking a flow of
compressed air from the compressor section along an off-take
passage which opens in the compressor section at an off-take
port, wherein the off-take passage rotates with the rotational
compressor components, and wherein the air in the off-take
passage is provided with higher static pressure than the air in
the compressor section at the off-take port.

The first and/or second aspect of the invention may have
any one or, to the extent that they are compatible, any com-
bination of the following optional features.

The present invention is based on the realisation that the
temperature of the air “felt” by the components to be cooled
(relative total temperature) should be minimised if possible.

Providing the air in the off-take passage with higher static
pressure allows the pressure of the air to be substantially
matched to the requirements of the component to be cooled,
e.g. without requiring further upstream or downstream com-
pression.

Inthis disclosure, the total pressure is defined as the sum of
the static pressure and the dynamic pressure of the flowing air.
The dynamic pressure is defined as (0. 5*density*(velocity)?).

Reference is made in this disclosure to “angular velocity”,
with respect to flowing air and with respect to moving com-
ponents of the engine. The engine typically has a principal
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rotational axis, the compressor section and the turbine section
typically being co-axial with the principal rotational axis. The
airflow typically has an axial velocity component, which is
excluded when considering the angular velocity. As will be
understood, a rotating mechanical component of the engine
(e.g. compressor blade) has the same angular velocity at all
points on the rotating component. However, a rotating body
of air can be considered in the following manner. Assuming
that the mass flow of'air is large and hence friction is small, the
flow can be considered to behave as a free vortex. As arotating
body of air in the engine is brought closer to the rotational
axis, conservation of angular momentum means that the
angular velocity of the air will increase, in accordance with
the equations:

Angular momentum=I®

I=mr?

where [ is the moment of inertia, w is the angular velocity, m
is mass and r is the radius of rotation. Therefore ifr is reduced,
® must increase.

Reference is also made in this disclosure to “tangential
velocity”, with respect to flowing air and with respect to
moving components of the engine. The rotation of compo-
nents of the compressor section, for example, can be consid-
ered in terms of their instantaneous linear velocity in a direc-
tion perpendicular to, but radially offset from (at radial
distance r), the principal rotational axis. This is the tangential
velocity. A rotating mechanical component of the engine (e.g.
compressor blade) has a tangential velocity that varies with
radial distance r from the principal rotational axis. Next con-
sideration is given to the tangential velocity of flowing air in
the engine. The axial velocity component of the airflow is
excluded when considering the tangential velocity. Since the
tangential velocity is related to w as wr, the tangential velocity
of a rotating body of air increases (typically inversely propor-
tionally to radius) as the radius decreases, to maintain con-
servation of angular momentum. Note that if the mass flow of
air is relatively small, then friction cannot be ignored. In this
case, the tangential velocity of the air will move towards the
disc velocity. In other words, for a small mass flow of air, the
tangential velocity of the air may increase or decrease
depending on the starting swirl ratio which is discussed
below.

Reference is also made in this disclosure to “swirl” and
“swirl ratio”. Swirl can be considered as the non-axial flow of
air through the engine. This is typically caused by rotation of
engine components. The swirl ratio at a location in the engine
is defined as the ratio between the tangential velocity of the air
and the tangential velocity of the engine component at that
location. It is possible, for example, for the swirl ratio to be 1,
where the air tangential velocity is the same as the engine
component tangential velocity. It is also possible for the swirl
ratio to be less than 1, e.g. 0.5, where the air tangential
velocity is less than the engine component tangential velocity.
Furthermore, it is possible for the swirl ratio to be more than
one, particularly as the swirling air comes inboard.

Preferably, the air in the oft-take passage is provided with
higher tangential velocity than the air in the compressor sec-
tion at the off-take port. Typically, the direction of the off-take
passage is towards, rather than away from or parallel to the
principal rotational axis of the engine. It is particularly pre-
ferred that the air in the off-take passage is provided with a
further increase in tangential velocity than would otherwise
be provided due to conservation of angular momentum as the
air moves towards the principal rotational axis of the engine.
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Itis preferred that the cooling air bled from the compressor
should be delivered to a rotating component of the gas turbine
engine, e.g. a rotating turbine component in a turbine section
of the gas turbine engine. In this case, it is preferred that the
cooling air should be delivered to the rotating component
with a tangential velocity that is substantially matched to the
tangential velocity of the component to be cooled.

Typically, the compressor section has an inner annular
periphery and an outer annular periphery. In this case it is
preferred that the off-take port opens into the compressor
section via the inner annular periphery. The compressor sec-
tion of a typical gas turbine engine operates so that the inner
peripheral components rotate with respect to static outer
peripheral components. Therefore locating the off-take port
at the inner annular periphery conveniently ensures that the
off-take passage rotates with the rotatable compressor com-
ponents.

Preferably the oft-take port is located upstream of a stator
in the compressor section. More preferably, the off-take port
is located upstream of a stator of a final stage of the compres-
sor section. Preferably, the off-take port is located down-
stream of a rotor in the compressor section. Thus, it is pre-
ferred that the oft-take port is located downstream of a rotor
and upstream of an adjacent stator in the compressor section.
This allows the bleed air to have a high tangential velocity.

In alternative embodiments, it is possible for the off-take
port to be located downstream of a stator.

The off-take port may extend circumferentially around at
least a part of the compressor section. For example, the oft-
take port may be a circumferentially-extending slot. In this
case, the off-take passage may similarly extend circumferen-
tially. Alternatively, a series of off-take ports may be pro-
vided, spaced circumferentially around the compressor sec-
tion. These off-take ports may be regularly spaced from each
other. In this case, there is preferably only one off-take pas-
sage associated with each off-take port.

Preferably, the off-take passage is a stepped off-take pas-
sage. This allows good recovery of the dynamic head.

Preferably, the off-take passage provides an air flow path
direction at an acute angle to an air flow path direction in the
compressor section. Here, “acute” angle is used in the sense
of an angle which is less than 90°, more preferably signifi-
cantly less than 90°, e.g. less than 80°, less than 70°, less than
60°, or less than 45°. This allows the bleed arrangement to
capture at least a part of the dynamic head of the airflow. As
will be understood, the minimum angle will be subject to
competing considerations in terms of overall engine design.

Preferably, the off-take passage includes one or more vanes
shaped to increase the tangential velocity of the air in the
off-take passage in comparison to the air at the off-take port.
This increase in tangential velocity is a further increase in
tangential velocity, over and above any natural increase in
tangential velocity that occurs due to decreasing the radius of
the swirling air and conserving angular momentum. Prefer-
ably the off-take passage vanes extend substantially radially
in the engine.

The swirl ratio of air at the off-take port is typically less
than 1. Preferably, the swirl ratio of the air at the exit of the
off-take passage is higher than the swirl ratio of air at the
off-take port. For example, the swirl ratio of air in the off-take
passage may be increase from about 0.5 to about 1.

Preferably, the or each off-take passage includes an
upstream opening and a downstream opening, the upstream
opening coinciding with the off-take port.

The or each off-take passage may be shaped in order to
reduce the axial velocity of the air in the off-take passage (or
atthe exit of the off-take passage) compared with the air at the
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off-take port. Preferably, in order to achieve this, the off-take
passage takes the form of a diffuser. The diffuser preferably
provides the off-take passage with a progressively (and pref-
erably gradually) increasing cross-sectional area when con-
sidered in a direction from upstream to downstream in the
off-take passage. In this way, the axial velocity component of
the air can be gradually reduced in the off-take passage. This
has the effect of advantageously increasing the static pressure
of the bleed air.

Further optional features of the invention are set out below.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described by
way of example with reference to the accompanying draw-
ings in which:

FIG. 1 shows a schematic sectional view of a typical ducted
fan gas turbine engine.

FIG. 2 shows a schematic sectional view of part of a com-
pressor section of a typical gas turbine engine.

FIG. 3 shows a schematic sectional view of part of' a com-
pressor section of a gas turbine engine according to an
embodiment of the invention.

FIG. 4 shows a sectional view along section A-A in FIG. 3.

FIG. 5 shows a diagram illustrating the effect of blades in
the off-take in FIGS. 3 and 4 on the tangential velocity of the
air.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS, AND FURTHER OPTIONAL
FEATURES OF THE INVENTION

Gas turbines typically use air bled from a compressor sec-
tion to cool and seal hot parts of the engine, typically in the
turbine. In the preferred embodiments of the present inven-
tion, air is bled from the inner annulus line of the compressor
via an off-take port, at the upstream or downstream face of
any stage of rotor blades.

FIG. 3 shows a schematic sectional view of part of' a com-
pressor section of a gas turbine engine according to an
embodiment of the invention. Compressor rotor blades 102,
104 rotate about principal rotational axis X, and are supported
by rotor supports 106, 108, respectively. Located downstream
of rotor blade 102 but upstream of rotor blade 104 is stator
110. The compressor section is defined by an inner, rotatable
annulus 112 and a an outer, non-rotating annulus 114, repre-
sented in FIG. 3 by dotted lines.

Located through the inner rotatable annulus 112 is a bleed
air off-take port 116. Off-take port 116 is a stepped off-take,
in the sense that it defines a step in the inner rotatable annulus
112. Off-take port 116 leads to off-take passage 118 which
extends at an acute angle to the axial flow direction through
the compressor section. Off-take passage 118 includes an
array of oft-take vanes 120, only one of which is shown in the
view of FIG. 3. The off-take passage extends circumferen-
tially around the compressor section.

As shown in FIG. 3, the off-take passage 118 gradually
increases in height, and thus in cross-sectional area, with
distance from the off-take port 116. The effect of this is to
gradually reduce the axial velocity of the air bled through the
off-take passage, converting at least a part of the dynamic
head into static pressure.

FIG. 4 shows a sectional view along section A-A in FIG. 3.
An array of off-take vanes 120 is shown. Since the off-take
passage rotates with the inner annulus 112 of the compressor,
so the off-take vanes rotate in direction D.
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FIG. 5 shows the effect of the rotor blades in the compres-
sor section and the off-take vanes in the off-take passage on
the tangential velocity of the air. Compressor rotor blade 102
and off-take passage vane 120 rotate at the same angular
speed U in the direction shown by the solid arrows in FIG. 5.

The dashed arrows show the velocity of air relative to the
rotors. The relative velocity of air entering the gas path of
compressor rotor blade 102 is RV1. RV1 can be notionally
considered as the sum of a relative axial velocity component
RV1, and a relative tangential velocity component RV1 .

The relative velocity of air exiting the compressor rotor
blade and entering the rotor blade 120 in the off-take passage
is RV2. As can be seen, the relative tangential component of
RV2 is less than the relative tangential component of RV1.
(Note that the relative tangential and axial components of
RV2 are not illustrated on the drawing, for the sake of clarity.)

The relative velocity of air exiting the rotor blade 120 in the
off-take passage is RV3. As can be seen, the relative tangen-
tial component of RV3 is less than the relative tangential
component of RV2 and RV1. (Note that the relative tangential
and axial components of RV3 are not illustrated on the draw-
ing, for the sake of clarity.)

Thus, the air exiting the off-take passage has a lower tan-
gential velocity than the air in the compressor section when
measured in the rotating frame of reference. Put another way,
the air exiting the off-take passage has a higher tangential
velocity than the air in the compressor section when measured
in the static frame of reference. Thus, this air can be used for
cooling rotating turbine components in the turbine section of
the engine without the need to further increase the tangential
velocity of the air.

FIG. 5 illustrates the situation where the swirl ratio of the
air entering the off-take port is less than 1. Using the off-take
vanes in the off-take passage, the tangential velocity of the air
is increased until the swirl ratio is equal to about 1. Since this
is done in the rotating frame the relative total temperature of
the air is unchanged.

Accordingly, using the preferred embodiment of the inven-
tion, it is possible to extract air from a compressor in the
rotating frame and increase the static pressure of the air by
diffusing the axial velocity component. Furthermore, it is
possible to increase the tangential velocity of the air by suit-
able use of off-take passage vanes. In this way, there is pro-
vided an efficient means of extracting air from a compressor
without destroying its tangential velocity. This enables the
bleed air to be delivered to rotating components at a lower
relative total temperature, but at the required pressure, and
hence provides a more efficient means of cooling rotating
components. In turn, this leads to overall reduced engine fuel
consumption.

While the invention has been described in conjunction with
the exemplary embodiments described above, many equiva-
lent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the
exemplary embodiments of the invention set forth above are
considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without depart-
ing from the spirit and scope of the invention.

All references referred to above are hereby incorporated by
reference.

The invention claimed is:

1. A gas turbine engine comprising:

a compressor section with rotational compressor compo-
nents rotatable with respect to static compressor com-
ponents;

a compressed air bleed arrangement that cools one or more
other components of the gas turbine engine and that
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takes a flow of compressed air from the compressor
section along an off-take passage,
wherein the off-take passage opens in the compressor sec-
tion in a stepped arrangement at an off-take port and
comprises a radially outer surface that is rotatable, in
use, with the rotational compressor components,
wherein the off-take passage includes one or more vanes
shaped to increase a tangential velocity of a flow of
compressed air in the off-take passage in comparison to
a flow of compressed air at the off-take port, and

wherein the compressed air bleed arrangement is operable
to provide the flow of compressed air along the oft-take
passage with higher static pressure than the flow of
compressed air at the off-take port, and

wherein the one or more other components of the gas

turbine engine includes at least one rotating component
of a turbine section of the gas turbine engine and the
compressed air bleed arrangement delivers the flow of
compressed air from the compressor section to the at
least one rotating component with a tangential velocity
that is substantially matched to a tangential velocity of
the at least one rotating component.

2. A gas turbine engine according to claim 1 wherein the
compressor section has an inner annular periphery and an
outer annular periphery,

the off-take port opens into the compressor section via the

inner annular periphery.

3. A gas turbine engine according to claim 1 wherein the
off-take passage provides an air flow path direction atan acute
angle to an air flow path direction in the compressor section.

4. A gas turbine engine according to claim 1 wherein the
off-take passage is shaped as a diffuser in order to reduce an
axial velocity of the flow of compressed air in the off-take
passage compared with the flow of compressed air at the
off-take port.

5. A gas turbine engine according to claim 1 wherein the
flow of compressed air in the off-take passage is provided
with higher tangential velocity than the flow of compressed
air at the off-take port.

6. A gas turbine engine according to claim 5 wherein the
direction of the off-take passage is towards the principal
rotational axis of the engine,

the off-take passage being operable to further increase the

tangential velocity of the flow of compressed air in the
off-take passage that would otherwise be provided due
to conservation of angular momentum as the flow of
compressed air in the off-take passage moves towards
the principal rotational axis of the engine.

7. A gas turbine engine according to claim 1 wherein the
off-take port is located upstream of a stator in the compressor
section.
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8. A gas turbine engine according to claim 1 wherein the
off-take port is located upstream of a stator of a final stage of
the compressor section and downstream of an adjacent rotor
of the compressor section.

9. A method of operating a gas turbine engine, the gas
turbine engine comprising a compressor section, the method
comprising the steps of:

operating the gas turbine engine to rotate rotational com-

pressor components with respect to static compressor
components;

cooling one or more other components of the gas turbine

engine with a compressed air bleed arrangement, the
compressed air bleed arrangement taking a flow of com-
pressed air from the compressor section along an off-
take passage which opens in the compressor section in a
stepped arrangement at an off-take port, the off-take
passage comprising a radially outer surface that rotates
with the rotational compressor components, wherein the
off-take passage includes one or more vanes shaped to
increase a tangential velocity of a flow of compressed air
in the off-take passage in comparison to a flow of com-
pressed air at the off-take port, and the flow of com-
pressed air in the off-take passage is provided with
higher static pressure than the flow of compressed air at
the off-take port, wherein the one or more other compo-
nents of the gas turbine engine includes at least one
rotating component of a turbine section of the gas tur-
bine engine and the flow of compressed air from the
compressor section is delivered to the at least one rotat-
ing component with a tangential velocity that is substan-
tially matched to a tangential velocity of the at least one
rotating component.

10. A method according to claim 9 wherein the off-take
passage is shaped as a diffuser and reduces an axial velocity
of the flow of compressed air in the oft-take passage com-
pared with the flow of compressed air at the off-take port.

11. A method according to claim 9 wherein the direction of
the off-take passage is towards the principal rotational axis of
the engine, the off-take passage increasing the tangential
velocity of the flow of compressed air in the off-take passage
further than would be provided due only to conservation of
angular momentum as the flow of compressed air in the
off-take passage moves towards the principal rotational axis
of'the engine.

12. A method according to claim 9 wherein a swirl ratio of
a flow of compressed air at an exit of the off-take passage is
higher than a swirl ratio of the flow of compressed air at the
off-take port.



